Abstract-In this paper, the kinematic model of an omnidirectional mobile robot with special MY wheels is built to analyze its kinematics performance on vibration, control and errors that are caused by the specific structural feature of MY wheels. Trajectory errors, which are induced by vibration in the motion, are reduced distinctly by the proposed control method of both optimized contact distance and improved rotational speed of MY wheel. It can improve the stability of movement for the robot by employing sinusoidal control law to control the angular velocity of MY wheel reasonably. Simulation results are provided to demonstrate the performance of proposed approaches.
I. INTRODUCTION
ith the development of society and continuous progress of science and technology, robots are becoming increasingly popular. And omnidirectional wheeled mobile robot has been extensively researched in the field of robots because of having full three degrees of freedom on the motion plane (2 translations and 1 rotation in R2). Since it can run on the planar surface freely and realizes the omnidirectional motion under the precondition of keeping the posture, it is widely used in some congested sites, such as hospitals, workshops, warehouses and so on.
Some researchers have discussed and analyzed a large number of kinematic models of omnidirectional mobile robots. Tlale and de Villiers derived a kinematic model for an omnidirectional mobile platform that is composed of four Mecanum wheels, and discussed the rotation movement when two motors, three motors and four motors are working, respectively [1] . Maung et al. analyzed the kinematics for an omnidirectional mobile robot with off-centered wheels in order to obtain the optimal design parameters [2] . Gilles et al. built kinematic models of two structural omnidirectional mobile robots with orthogonal wheels, and presented a controller to compensate for the trajectory errors [3] . Francisco built a kinematic model for an omnidirectional mobile robot with universal wheels, and observed that rotational and translational motions can be controlled independently and simultaneously [4] . Xuyue et al. analyzed the influence of slip on the kinematic model for robot with off-centered omnidirectional wheels [6] .
In this paper, a kinematic model of a novel omnidirectional mobile robot is built. The influence of vibration on the kinematic model is analyzed in detail. This paper also presents two methods to reduce trajectory errors induced by structure of MY wheel. The content of this paper is organized as follows: Section II presents the basic structure of MY wheel. In Section III, the kinematic model of the robot is described. Simulation results are presented in Section IV. In Section V, errors between theoretical trajectory and the real one are analyzed to verify the performance of proposed approach. Finally, conclusions are drawn in Section VI.
II. STRUCTURE OF MY WHEEL
MY wheel is composed of two balls that are detruncated spherical crowns and intermediate sections, as shown in Fig.1 . These two sliced spheres have a common active rotating axis, and the passive axes of rotation of their own are designed with 45 degree angle. The wheel with contact area and non-contact area could be able to realize omnidirectional motion and continuous contact with ground. Therefore it could ensure the continuity of movement. Fig.2 has shown an omnidirectional mobile robot with three MY wheels, which are fixed on a discal platform with even 120 degree angle interval. Three DC servo motors actuate three MY wheels with synchronous belts. The specifications of this robot are listed in table.1 [5] . In order to build the kinematic model of the mobile robot, we calculate the velocity of the contact point ( i O in Fig.3 ) between the robot and the ground in the movement in the absolute frame: 
where L represents the distance from the center of robot to the contact point, and it is changing between L 1 and L 2 according to the contact point position. The expression of vectors x and y in the frame linked to the axle is: 
The truncated spheres are free to roll in the direction i u , and actuated in i v direction. If we assume that the wheels do not slide, the relative velocity of the wheel-to-ground contact point is null. It means the actuation velocity is equal to the
From equations (4) and (5), we can obtain: 
From equation (6), we can conclude that there is no influence on the movement to change L while 0 θ = . By synthesizing equation (6), we can obtain the general equation as follows:
The inverse kinematic model of the robot can be written in the following form:
where,
[ ]
T φ φ φ φ = is the active rotational angle of wheel.
IV. MOVEMENT SIMULATION
Since parameter L is changing while the robot rotates, it's unavoidable to vibrate in the movement. Therefore, it's necessary to research linear and circular motion for improvement of motion control. Fig.4 has shown the simulation diagram of robot moving in linear path. In this case, the path is 1 meter straight line. When the robot translates along the line at the velocity of 0.2m/s without any rotation ( 0 θ = ), there are no fluctuations on the velocities of wheels, as shown in Fig.4(a) . When the robot translates along the straight line at the velocity of 0.2m/s with angular velocity 0.2rad / s θ = , there are significant fluctuations on the velocities of wheels, as shown in Fig.4(b) . It demonstrates that there is no influence of parameter L on the movement when the robot doesn't rotate. 
A. Linear Motion

V. ANALYSIS OF MOVEMENT ERRORS
It is physically impossible for motors to realize the rectangular wave velocity in Fig.5(b) . We choose the medium value
when solving the inverse kinematics equation (8). The dashed line in Fig.5(b) shows the angular velocity of MY wheel, which will be applied to the forward kinematic model. Fig.6 has shown the simulation process of circular motion. From this simulation, we can derive the trajectory errors of circular motion. Fig.7 has shown the real trajectory and theoretical trajectory. The errors between them are shown in Fig.8 . 
A. Optimal Scale Factor
here Δ is the scale factor. From Fig.6 we can conclude that the parameter L in the Jacobian matrix J led to a trajectory error. Fig.9 has shown the standard deviation of trajectory errors versus the scale factor. In order to derive the optimal scale factor, we plot the sum of standard deviation of , , 
From equation (10) we can derive 1
shows spending time in rotating during low velocity of wheel is much longer than during high velocity of wheel while the robot moves along a circular arc. So the trajectory errors are minimum when the rotation velocity of wheel is a value between the medium and low value after we set constant
Hence it's reasonable to show the scale factor equals 0.47. Fig.14(a) has shown the sum of standard deviation of the trajectory errors versus the scale factor when the rotational rate of robot body is constant and radius of circular arc is changing. Table. 2 shows the scale factor when the standard deviation of trajectory errors are smallest. Fig.14(b) has shown the sum of standard deviation of the trajectory errors versus the scale factor when radius of circular arc is constant and the rotational rate of robot body is changing, and table.3 shows the scale factor when the standard deviation of trajectory errors are smallest. So we conclude that the errors are small when the scale factor equals 0.47. 
B. Control Function
The optimal velocity m ϕ can be derived by 1 2 S S = in Fig.13 from the real L 1 and L 2 , so that we obtain We can see that they are a little smaller than the errors (Fig11) when we used a constant factor. In order to effectively control the robot motion, sine wave is used to control the robot to achieve good movement effect. Equation (12) shows the control law, whose period is equal to the cycle of rectangle wave in Fig.5(b) . Fig.17 has shown the variation of standard deviation of trajectory errors with respect to the amplitude of sinusoidal wave. In order to derive the optimal amplitude, we plot the sum of standard deviation of , , x y θ versus the amplitude of sine wave, as shown in Fig.18 . So we can derive that the trajectory errors are minimum when the amplitude of sine wave equals 0.18. At this time velocities of three wheels are the sinusoidal wave (Fig.15) . This paper has built the kinematic model of an omnidirectional mobile robot with MY wheels according to the structural feature of the wheel. Kinematics characteristic is analyzed based on the structure of the wheel. Intensive research into vibration, control and errors for the omnidirectional mobile robot during motion is done. Trajectory errors are reduced distinctly by the application of both optimized contact distance and rotational speed of MY wheel. It can improve the stability of movement for the robot by employing sinusoidal control law to control the rotate speed of MY wheel reasonably. Simulation results are provided to demonstrate the performance of proposed approaches. The specific application and dynamics of the robot will be studied in future work.
